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Abstract 
Gait analysis is a very important procedure in assessing and improving many quality of life indicators. It is widely used in sports, 
rehabilitation and health diagnostics. Gait analysis is the study of lower limb movement patterns and involves the identification 
of gait events and the measurements of kinetics and kinematics parameters. This paper focus on the study and analysis of various 
design of gait analysis hardware. It also involves the practicality and the suitability of the hardware design to improve the 
accuracy of the gait analysis. The concept of the hardware is based on the attachment unit which consist of sensor, 
microcontroller, power supply and Xbee transceiver to the shoe. The selection of sensors and several additional component will 
also discussed. The result highlights the design and realization of the hardware components for the development of shoe 
integrated instrumentation for human motion measurement system. 
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1. Introduction 
Gait can be defined as a style of walking [1]. Due to the increase in number of the field that require the 
measurement of human motion parameter such as numerous medical specializations [2], activity of daily living 
(ADL) assessment and sports [3], MEMS technology based on these type of analysis has become great attention 
among the researcher. One of the most famous application is fall prevention system for the elderly that require 
continuous monitoring and fast response devices [4].The measurement should be done in real life activities to ensure 
the study of foot clearance is accurate and real. It is necessary to attach the sensor to shoe without interfering the 
subject‘s movement. The sensor should have the ability to measure clearance of both feet [5]. In order to have such 
ability, the sensor should be small and as light as possible with weight under 300g and the closest maximum range 
for toe clearance of up to 20cm is preferred [6]. The minimum foot clearance during the swing phase of walking 
should be within 3cm above the walking surface [3]. During fast walking, it is reported that the toe clearance above 
walking surface or ground is minimum around 1.4-1.6cm while during normal walking it is around 1.7- 2.1cm [5]. 
During normal walking, the maximum clearance is around 5.7-6.9cm while it is about 6.3-7.8 cm during fast 
walking [7]. This paper will focus on the hardware selection of the human motion measurement system and note that 
the software analysis result will not be included in the result. 
2. Sensor and Hardware Selection 
The foot clearance measurement will determine the type of the sensor that will be used. There are two types of 
sensors which are ultrasonic sensor and Inertial Measurement Unit (IMU). Both are used to identify the Minimum 
Foot Clearance (MFC) as well as to determine the orientation of foot position respectively. Several models of an 
ultrasonic sensor has been compared and the discussion will be included in this paper.  Other applications of 
ultrasonic sensors can be found on two-wheeled steering axle applications which is used to detect an obstacles for 
blind people [8]. Those components including the PIC 16F877A microcontroller, Arduino microcontroller, 2.4 GHz 
IEEE 802.15.4 Transmitter and the power supply unit. 
2.1. Ultrasonic Sensor 
Ultrasonic sensor are used based on the distance measurement. The working principal of an ultrasonic sensors 
are slightly the same to how the radar working where the total flight of the signal waves and the signal speed are 
used to determine the distance. Transceiver is an example of a single ultrasonic device that can transmit and receive 
high frequency sound waves. The working principal of an ultrasonic sensor is as shown in the Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A simple Time of Flight Concept [9] 
 
In order to obtain an accurate distance parameter, time of flight (tof) value need to be measured first [10]. With 
respect to the tof method, the distance, I can be calculated based on the time t, taken by the ultrasound echo to return 
to the receiver after an ultrasound signal is transmitted by the transmitter [5]. The relative equation representing both 
the distance and velocity are as shown in the Equation 1 and Equation 2. 
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Table 1. Comparison between Commonly Used Ultrasonic Sensors for minimum Foot Clearance Measurement Application 
 
Specification 
Model 
PING (Parallax Inc, 2012 SRF05 (Devantech Ltd, 2012) Max LV-EZ1 (MaxBotiX Inc, 
2012) 
Power (V) 5 5 5 
Frequency (kHz) 40 40 42 
Resolution 1mm 1mm 1inch 
Range 2cm-3m 1cm-4m 6inch-254inch 
Unit Mm, cm, inch, m mm, cm, inch, m inch 
Interface Analogue Pulse Width, width proportional 
to range 
Positive TTL level signal, 
width proportional to range 
Pulse width output (147μs/inch), 
analog voltage output (10mV/inch) 
Weight 9g 9g 7g 
Dimension 46 W x 16 D x 22 H 43 W x 20 D x 217 H 22.1 W x 19.9 D x 16.4 H 
 
From previous study, the minimum foot clearance can be classified from the range 1.4cm to 7.8cm. Therefore, 
the capability of an ultrasonic sensor to give accurate reading should be in the minimum range which are 1cm with 
1mm resolution respectively. With respect to the MFC range specification, SRF05 model shows reasonable output 
reading with the range from 1cm to 4m in compare to PING and Max LV-EZ1 model. In addition, SRF05 model 
also shows smaller dimension specification with 1mm as compare to the Max LV-EZ1 model with 1inch. 
2.2. Inertial Measurement Unit (IMU) 
Inertial Measurement Unit (IMU) device sensor consist of an accelerometer and gyroscope that are used to 
measure angular rate and acceleration data. Some of the application of IMU device can be found in an aircraft where 
the IMU used for Attitude Heading Reference System (AHRS) to identify the velocity, orientation and gravitational 
of the aircraft [12]. In according to such tremendous applications, this paper focused on the development of the IMU 
device as an orientation sensor used in sport training as well as gait motion field. The orientation of the IMU device 
sensor affiliated into a shoe integrated system is as show in the Fig. 2(a) while Fig. 2(b) and Fig. 2(c) explain other 
applications for the IMU as the error correction algorithm. 
 
 
 
 
 
 
 
 
 
(a)                                                                                (b)                                                        (c) 
Fig. 2. (a) Orientation of IMU Sensor on Top of Portable Shoe Integrated, (b) Foot Angle (θ) During Landing Phase Where the Distance 
Measured Is Not the Actual Foot Clearance, (c) Foot Angle (θ) During Toe-Off Phase Where the Distance Measured Is Not the Actual Foot 
Clearance. 
2.3. PIC 16F877A 
This microcontroller is produced by Microchip Technology Inc. It have 8-bit microcontroller with 256 byte 
EEPROM memory. The inputs for this PIC16F877A microcontroller are from ultrasonic sensor and the inertial 
measurement unit outputs. To make sure the board is of small size to ensure user is comfortable when it is attached 
on his/her shoes, Surface-Mount Technology (SMT) packaging was chosen. The SMT based PIC16F877A 
microcontroller is as shown in the Fig. 3 below. 
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Fig. 3. The Surface-Mount Technology Based PIC6F877A 
2.4. Adtuino Microcontroller 
The second microcontroller that will be used in this research is Arduino based ArduIMU V2 Flat Microcontroller 
module. ArduIMU V2 Flat is easy to be programmed, simple to be configured, and has the more stable output data. 
This ArduIMU V2 Flat consists of ATmega328 and a MEMS based Inertial Measurement Unit sensor. The MEMS 
based IMU from Analog Device (consist of 3 axis accelerometer) and ST Microelectronic (consist of single and dual 
axis gyroscope) is integrated with the board. This microcontroller was programmed using C language through 
Arduino platform software. The input for this ArduIMU V2 Flat are also the ultrasonic sensor and the inertial 
measurement unit. The Arduino based ArdulMU V2 Flat is as shown in the Fig. 4. 
 
 
 
 
 
 
 
 
 
Fig. 4. ArduIMU V2 Flat 
2.5. Battery 
Battery is used as the power supply in this study. Two types of battery has been chosen such as Non-
rechargeable Maxell Super 9V and rechargeable 7.4V Lithium Polymer battery with 500mAh and 1000mAh 
capacity. Different capacity used for 7.4V Lithium Polymer battery especially to overcome the limited time usage of 
the battery itself from 15 minutes to more than 4 hour usage while the battery voltage remains the same. Fig. 5 
shows the type of the battery that will be used in this research respectively. The comparisons between each battery is 
as shown in Table 2. 
 
 
 
 
 
 
 
(a)                                                       (b)                                                  (c) 
 
Fig. 5. The Maxell Super 9V (Left), 7.4V, 500mAh Lithium Polymer battery (Middle) and the 7.4V, 1000mAh Lithium Polymer battery 
(Right) 
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Table 2. Comparison between 9V and 7.4V Battery 
Battery Maxell Super (Cytron Technologies Sdn. 
Bhd, 2012) 
Lithium Polymer (E SHORE 
TECHNOLOGIES, 2012) 
Voltage 9V 7.4V 
Capacity N/A 500mAh 1000mAh 
Time Period 20minute 15minute More than 4 hours 
Weight 38g 36g 63g 
Size 25 x 17 x 45mm 55 x 30 x 10mm 70 x 35 x 13mm 
Type Dry cell Lithium Polymer Lithium Polymer 
Manufacturer Hitachi Maxell, Japan Tumigy, UK Tumigy, UK 
 
2.6. 2.4 GHz IEEE 802.15.4 XBee Tranceiver 
In this research, the wireless communication between the hardware and the software need to be applied to ensure 
the connectivity will not disturb movement and ensure the user feels comfortable. Due to that characteristic, wireless 
technology can be used during daily activity without hassle for enabling the in situ measurement. Here, XBee 1mW 
Wire Antenna Module used as transmitter and XBee Starter Kit from Cytron Technologies Sdn. Bhd. as receiver. 
This wireless communication between both XBee modules can be established up to 30m indoor or urban range and 
up to 100m for outdoor or line-of-sight range. So, this is the one of the unique features of our technology as 
compared to the other technology that used wired connectivity. Fig. 6 shows the XBee 1mW Wire Antenna and its 
Starter Kit. 
 
 
 
 
 
 
 
 
Fig. 6. (Left) the X-Bee 1m Wire Antenna and (Right) the X-Bee Starter Kit 
3. Results 
3.1 Development of Sensory Board 
 
There were two difference hardware design which is sensory board for PIC16F877A microcontroller board and 
sensory board for Arduino controller board. For the PIC16F877A microcontroller based sensory board prototype, 
the sensory board was designed using Printed Circuit Board (PCB). The second sensory board prototype is already 
preassembled with Arduino compatible ATmega328 microcontroller and IMU known as ArduIMU V2 Flat. Both 
were programmed using C Language. Note that the programming parts will not be discussed in this paper. The in-
house fabricated PCB with SMT PIC16F877A mounted is as shown in the Fig. 7 (a). Fig.7 (b) shows the Sensory 
Board Arduino. This second sensory board prototype use ArduIMU V2 Flat as a processing unit and combined with 
non-deformable plastic foam as a damping system to compensate any sudden shock which may damage the sensory 
board. The sensory board was covered with a plastic tube called heat shrink tube to prevent any electrical short 
circuit which may damage the sensory board. 
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(a)                                                                                (b) 
Fig. 7. (a) The in-house fabricated PCB with SMT PIC16F877A mounted, (b) Arduino Sensory Board 
 
3.2 Hardware Design Improvement 
 
This design improvement consist of 6 gait analysis hardware (GAH). Fig. 8(a) shows the GAH V1 with physical 
implementation using Sensory Board SMT PIC16F877A. The Sensory Board was attached on top of the tongue of 
the shoe and the ultrasonic sensor is attached at the back of shoe. This system communicates with the GAS-US for 
data collection wirelessly. Maxell Super 9V dry cell battery was used to power up the system. However, as the 
ultrasonic sensor is attached too near at the back of the shoe, the reflected wave from the back shoe effected the 
ultrasonic sensor measurement. Because of this weakness, GAH V2 was designed and implemented to improve the 
measurement of the ultrasonic sensor. 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                                            (b) 
 
Fig. 8. (a) GAH V1 with Sensory Board SMT PIC16F877A [11], (b) GAH V2 with Sensory Board SMT PIC16F877A and Box for Ultrasonic 
Sensor [11] 
Fig. 8(b) shows the GAH V2 with physical implementation using Sensory Board SMT PIC16F877A with special 
box for ultrasonic sensor. Similar with the GAH V1, the Sensory Board SMT PIC16F877A was attached on top of 
the shoe tongue and held by Velcro strap to maintain the position of sensory board. The ultrasonic sensor is attached 
at the back shoe with the special box to implement the ultrasonic sensor as a complete system to build the gap 
between the ultrasonic sensor and the back shoe. This system communicates with the GAS-US for data collection 
wirelessly. Maxell Super 9V dry cell battery was used to power up the system. Even though the ultrasonic sensor 
measurement problem is solved, the GAH V2 of shoe attachment still has a problem of placing the sensory board 
properly. In addition, when the subject wears the shoe and walk, the sensory board vibrates resulting from the 
movement. This is due to the way it is strapped to the shoe. Because of this weakness, the GAH V3 was design and 
implemented to improve the measurement of the sensory board placement. 
 
Fig. 9(a) shows the GAH V3 with physical implementation using Sensory Board SMT PIC16F877A with zero 
offset and special box for ultrasonic sensor. Different with the GAH V1, the sensory board was attached on top of 
the offset block and securely held by Velcro strap to maintain the position of sensory board and offset block. Due to 
the implementation of offset block, the nonzero offset problem has been solved. The ultrasonic sensor is attached 
using Velcro strap at the back shoe with the special box. Maxell Super 9V dry cell battery was used to power up the 
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system. However, the shoe integrated prototype still cannot be considered as portable system due to the lack of 
attach and detach ability. After several experiment, we found that the Maxell Super 9V dry cell battery is 
insufficient to power the system in term of current supply and long lasting usage. Because of this weakness, GAH 
V4 was approached to improve the measurement of the sensory board placement and battery replacement. 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                                                     (b) 
Fig. 9. (a) GAH V3 with Sensory Board SMT PIC16F877A, Zero Offset and Box for Ultrasonic Sensor, (b) GAH V4, In-Sole Implementation by 
Sensory Board Arduino 
 
Fig. 9(b) shows the GAH V4 with in-sole implementation by ArduIMU controller board. In this version, the 
Sensory Board SMT PIC16F877A was replaced by ArduiIMU controller board (also known as Sonsory Board 
Arduino) which has smaller footprint and can be attached under insole of shoe to secure the Sensory Board Arduino 
firmly and the measurement of sensors is directly engaged with the subject foot. The special box for ultrasonic 
sensor is replaced by the specially designed polystyrene foam than can reduce the vibration effect with a pull and 
plug’ features. The wireless transceiver was mounted on top of specially designed polystyrene foam. The battery 
used is 7.4V 500mAh Li-Po Battery to power up the system in this version which provides better current supply and 
recharge ability. However, the experiments show the specially designed polystyrene foam is not working as 
expected regarding to the unstable mounted. GAH V5 was approached to improve the mounting for ultrasonic 
sensor and the Li-Po battery capacity for long lasting usage. 
 
Fig. 10(a) shows the GAH V5 with in-sole implementation by Sensory board Arduino and attachment unit. In 
GAH V5, the specially designed polystyrene foam was replaced by attachment unit which provide more sturdy 
structure and resistant to vigorous vibration for mounting the ultrasonic sensor. This feature permits the user to 
attach or detach the ultrasonic sensor easily. The in-sole implementation is considered to collaborate with shoe 
manufacturer to expose the idea and implementation of shoe integrated system. The wireless transceiver was 
mounted on top of specially formed plastic sheet attachment unit. However, the GAH V5 still cannot be considered 
as portable system due to the in-sole implementation. Only the subject that meet with the size of the specialized shoe 
can be access their gait feature. Because of this limitation, GAH V6 was approached to improve the ability of 
portable shoe integrated system. 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                                          (b) 
Figure 10: (a) GAH V5, In-Sole Implementation with Sensory Board Arduino, (b) GAH V6, and Portable Shoe Integrated with Attachment Unit 
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Fig. 10(b) shows the GAH V6 with attachment unit. In GAH V6, the Sensory Board Arduino is mounted on top 
of attachment unit which provide more stable and resistant to vigorous vibration platform with the ability of portable 
and mobility feature. In addition, the 7.4V 1000mAh Li-Po battery and wireless transceiver is mounted at side of 
attachment unit which to equally distribute the weight around the foot. Thus, such feature permits the user to attach 
or detach the portable integrated system into user shoe with easily. This implementation is complying with gait 
analysis requirement and indirectly solves the problem regarding to foot clearance measurement. Furthermore, the 
portable GAH V6 is more cost effective, user friendly and multi discipline used. In addition, the other features are 
portable and easily accessible because it is a small unit and affordable to every individual. 
4. Conclusion 
The requirements for gait analysis application were presented and used as the guidelines for the selection of 
sensors. Here, SRF05 was chosen as the best measurement sensor for minimum foot clearance measurement. The 
IMU also have been chosen for the requirement of orientation and ultrasonic measurement of human foot and the 
error correction algorithm. Both of PIC and Ardruino based sensory board were tested to get the better output value 
without noise disturbance and more accurate for foot clearance measurement. Based on the sensory board analysis, 
the best sensory board is Arduino due to its reliability and accuracy in if the microcontroller. Varies versions of 
GAH was developed regarding to the requirement for gait analysis especially for user convenience. Development of 
this GAH focus and take the consideration on the wireless communication, simple set-up, and easy to used. 
Compared to the previous technology of gait analysis assessment, our technology is more practical to use in real 
time measurement during daily activity. 
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